1.

Usefulness of reference values
Reference values play an important role in establishing whether, in an individual, measured volumes fall within a range to be expected for a healthy person of the same sex, similar stature, age, and other characteristics. Hence, reference values should be chosen that are appropriate to the person being investigated. Ideally, the reference values should be consistent; in the context of this paper, it implies that predictions for the various lung volumes have been derived from the same reference population, with the same techniques. Comparing measured with reference values is fraught with difficulties, as it may lead to disease going undetected. This is because the scatter in predicted values is sufficiently large to allow a sick person to lose, e.g. much of his total lung capacity (TLC), whilst still remaining in the range observed in comparable healthy persons. In addition, measurements in an "abnormal range" are not diagnostic of a specific disease, as many diagnostic entities may cause static lung volumes to be abnormal. Hence, in the follow-up of a patient, reliance should be placed much more on the effects of drugs or challenges with pharmacological, chemical or physical stimuli or allergens, and on the rate of change of lung volumes, than on the relationship of an isolated result to published "normative data". In fact, the best reference value is the value observed in a period when the disease is stable and minimal for that person. In studies such as the effects of drugs in patients with lung disease, or of adverse effects of environmental factors on the lungs, observed values should not be compared with reference values; instead, a comparison should be made with values obtained in an appropriately chosen control group.
2.
Purpose of review
General considerations
Reference values should derive from studies employing standardized procedures and equipment. Whilst recommendations have been published previously [1] [2] [3] , they do not encompass the whole age range from birth to old age for all techniques. On that account, under the aegis of the American Thoracic Society, a workshop on Lung Volume Measurements (co-chairs: J.L. Clausen, A.L. Coates, Ph.H. Quanjer) was organized. This paper was developed as a background document for the workshop, and also reflects input from workshop discussions; background papers for other aspects of lung volume measurements will be published subsequently, as will a consensus document reflecting the final consensus recommendations from the workshop.
The purpose of this paper is not to produce details of all the published prediction equations for static lung volumes, many of which have been summarized previously [1, 2] , but to: 1) highlight the limitations in currently available reference data and their application; 2) provide broad recommendations regarding the selection and use of such reference data, bearing in mind the potential limitations; 3) suggest how prediction equations for lung volumes could be improved in the future; and 4) discuss areas of controversy, which need to be resolved to facilitate more appropriate use of such equations.
Many of the problems associated with the establishment and use of reference values are common to all indices of lung function throughout life. However, the additional difficulties incurred in recruiting and studying healthy infants and young children result in there being relatively few data available for subjects less than 5 yrs of age. Consequently, whereas it should be possible to develop similar recommendations for use in adults and older children, those pertaining to infants and preschool children need to be dealt with separately. Similar problems apply to old age, an area neglected in lung function testing [3] .
Background
In the various publications that have stressed the need to standardize nomenclature, equipment and procedures to be used for performing pulmonary function tests, relatively little emphasis has been placed on the need to adopt a more standardized approach to the use of reference values and interpretation of lung function tests [4] .
Unfortunately, although there are numerous publications of so-called "reference values" for lung volumes [1, 5] , many result in appreciable differences in predicted values at any given age or body size, and relatively few guidelines exist to assist the researcher or clinician in the appropriate selection and use of reference values. Furthermore, there is controversy with regard to the level of dysfunction which should be considered abnormal, and what constitutes a real change with time.
The establishment and interpretation of reference values for respiratory function and the associated concepts of "normality" have been discussed in detail in several review articles [1, 4, [6] [7] [8] [9] . The application of reference standards for lung volumes, in common with other indices of lung function, may be fraught with difficulties if: 1) standards derived from cross-sectional data are applied to longitudinal studies; 2) characteristics of the reference population differ from those of the sample being studied with respect to age, body size, sex or ethnic origin; 3) methods and techniques used in a study differ from those applied when establishing the reference values; or 4) criteria for identifying the "normal range" have not been established.
The most important determinants of lung volume are body size, sex and age, and the usual approach is to use some combination of these attributes when predicting lung volume [1] [2] [3] 7] . However, during recent years, there has been increasing evidence of ethnic [3, [10] [11] [12] [13] [14] [15] and environmental influences (e.g. passive smoking), which also need to be borne in mind, together with the potential effects of puberty. Lung growth appears to lag behind the increase in standing height during the growth spurt [16, 17] , and there is evidence that developmental stage may be an important determinant of lung function, as evidenced by the shift in relationship between lung volume and height during adolescence [16, 18] . It is generally accepted that TLC does not change with ageing in healthy adults, but residual volume (RV) increases in an approximately linear fashion; age dependence of functional residual capacity (FRC) in adults is inconclusive [5] .
During infancy and childhood, the rate of somatic growth is extremely rapid, especially during the first year of life and during adolescence. Appropriate statistical modelling to take alinearity of various growth spurts [18] or nonlinear change in ventilatory function with ageing into account may increase the sensitivity of lung volume measurements in the early detection of reduced lung function. Such an approach will be facilitated by the use of longitudinal, rather than cross-sectional, studies [16, 19, 20] . Whilst the availability of increasingly powerful computers and statistical software makes it possible to calculate reference values by endless permutations of regression models, these do not always have an obvious biological meaning, and the underlying assumptions of the model (e.g. normality of distribution when applying linear regression equations) have not always been adequately tested.
3.
Published reference values
Reference values in infants
The only lung volume that can be measured routinely with accuracy and reliability in infants is FRC, although attempts have been made to assess TLC from measurements of crying vital capacity and RV [21] [22] [23] [24] [25] . A large number of studies have reported values for FRC in healthy infants using both helium dilution [23, [26] [27] [28] [29] [30] [31] [32] [33] and plethysmographic techniques [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Many of these studies have confined measurements to the neonatal period, thereby precluding calculation of prediction equations based on body weight or length. In such studies, lung volume has frequently been expressed per kilogram body weight, which may be valid during the first month of life, when the regression of volume on weight appears fairly linear and passes close to the origin. Using this approach, there has been reasonable agreement between the mean values of FRC (ml·kg -1 ) in newborn infants published from various studies, being approximately 23 ml·kg -1 when using the helium dilution technique [27, 32, 44] and 32 ml·kg -1 from plethysmographic measurements [27, 37, 39, 40] . However, this does not reflect the wide scatter of results observed within many of the studies, which must be borne in mind when interpreting results. The discrepancy between gas dilution and plethysmographic techniques has been largely attributed to the presence of trapped gas, which is not detected by gas equilibration methods [45] [46] [47] [48] . However, there have been relatively few high quality comparative studies on sufficiently large numbers of infants to clarify this issue.
Of the studies which have measured FRC in infants during the first year of life, relatively few have included more than 50 individuals. However, there is remarkable consistency between predicted values based on data published by DOERSHUK et al. [36] (though only four subjects <70 cm were studied), PHELAN and WILLIAMS [41] , HATCH and TAYLOR [38] and STOCKS and GODFREY [43] , using the plethysmographic technique; and between HANRAHAN et al. [28] and TEPPER and co-workers [31, 33] when using the helium dilution technique. Values predicted by GAULTIER et al. [23] are consistently higher; whereas, those of TAUSSIG et al. [30] are somewhat lower in younger infants but higher in older infants. These discrepancies may be partially attributed to the wider age range studied both by Gaultier and Taussig, with relatively few infants being studied during the first year of life. Prediction equations from most of these studies have been based on simple linear regression, and may benefit from a more stringent approach (see "Reference values in adults").
Despite recently renewed interest in the nitrogen washout technique, particularly with respect to its application in the intensive care unit [49] , very limited data are available for healthy infants and children [47, 50] . GERHARDT et al. [51] studied 50 children over the first 5 yrs of life (14 of whom were less than 1 month old), and found a high correlation between FRC and body length. However, predicted values were considerably lower than those found either by plethysmography or helium dilution (i.e. 126 ml for a child of 70 cm crown-heel length), and the confidence intervals were extremely wide, particularly for older children, reflecting the small numbers over a wide age range. However, more recent evidence suggests that, when both measurements are made in the same infants, the nitrogen wash-out method and helium dilution techniques yield similar values of FRC [52] .
In an attempt to produce more reliable prediction equations, data from several different centres, in which: 1) at least 25 healthy Caucasian infants have been studied; 2) all raw data and details of methodology are available; and 3) data are representative of those published elsewhere in the literature, have been collated. Details of these studies are given in table 1. Only one result (randomly selected) was included for those infants in whom sequential measurements had been performed. Because of the known discrepancies according to methodology [48] , separate equations were calculated for FRCHe and FRCpleth.
Data on FRCHe were available from 378 infants, the majority of whom were studied in the first 18 months of life. Although a large proportion of variance is explained by body size ( fig. 1 ), simple linear regression of FRC on either weight or length was found to be inadequate, in view of the heteroscedastic scatter of the residuals around the regression. Logarithmic transformation stabilized the variance, log e (FRCHe) regressed on log e (length) providing the best model (table 2) . There were no significant differences between the four laboratories supplying these data.
Modelling for FRCpleth proved to be more complex ( fig. 2 ). Data from preterm infants (<2.5 kg birthweight and <36 weeks gestational age) were excluded because of differences in their FRCpleth in relation to length and weight. LogFRCpleth regressed against log length and log weight gave a reasonable description of the data. Although there were significant differences between laboratories, there was no interaction between laboratory [41] , HATCH and TAYLOR [38] or STOCKS and GODFREY [43] . At the present moment, the reasons for these discrepancies remain unclear, but could reflect the fact that, in contrast to FRCHe data, most of the FRCpleth data were published almost 20 yrs ago. Differences in methodology or apparatus may have resulted in more marked dynamic elevation of end-expiratory level in the earlier studies, whilst lack of equipment for measuring infants accurately could have resulted in some systematic underestimation of crown-heel length. Other factors which could contribute to the relatively smaller values of FRCpleth recorded during the largest and most recent study by Dezateux et al. (unpublished) include the increasing incidence of maternal smoking during pregnancy, and the fact that, in contrast to most previous studies which have used "hospital normals" as reference subjects, the study by Dezateux et al. recruited healthy infants from the community. These discrepancies highlight the need to test the proposed prediction equations (table 2) as widely as possible, and to use extreme caution when interpreting results with respect to "reference values". Preliminary analyses revealed no differences according to gender for either technique using these collated data. Representative values of FRC at arbitrarily chosen lengths and weights are given in table 3, where it can be seen that predicted values for FRCHe are consistently lower than those for FRCpleth throughout the first year of life. This discrepancy was reproduced in one study, in which paired measurements of FRCN 2 and FRCpleth were performed in 11 healthy infants; the mean within-subject difference came to 3.9 ml·kg -1 or 13% [48] .
Reference values in preschool children
Reference values for preschool children (2-5 yrs of age) are even more limited than those in infants, with widely discrepant predicted values at any given length. Plethysmography is difficult to apply at this age, and measurements have, therefore, largely been confined to helium dilution [23, 30, [53] [54] [55] [56] . Using this technique, mean predicted values may vary from 485 [55] to 736 ml [56] for a 100 cm child, and from 777 [30] to 1,240 ml [56] in a child whose height is 120 cm.
Again, much of this discrepancy may be due to calculation of regression equations from relatively small numbers of children with uneven distribution over the age range, a criticism that can also be applied to many of the studies on older children. Differences in methodology, equipment, population and measurement conditions may be additional contributory factors.
By combining individual data collected in three different laboratories from 191 young Caucasian children (table 4) , it is possible to extend the prediction equations for FRCHe from birth to 7 yrs of age (125 cm height) ( fig. 3 ). The resultant equation is remarkably similar to that derived for infants under 2 yrs of age, but does include a term which indicates significant differences between laboratories. Whether this discrepancy is due to differences in methodology, equipment or population has still to be determined, and further modelling to assess the potential influence of gender, weight, posture and [30] and GREENOUGH and coworkers [53] , and 1.40 for more recent data from GREENOUGH and co-workers [54] . Representative values for FRCHe at various heights in young children are given in table 5.
The relatively rapid increase in FRCHe beyond 90 cm (as reflected by predicted values that are 18-40% greater than those for infants) may, at least partly, reflect the fact that measurements in children over 3 yrs of age are generally performed in the sitting rather than supine position.
Of all the studies of FRC in infants and preschool children, only those by TAUSSIG et al. [30] and WALL et al. [56] have demonstrated significant differences due to gender; FRC in boys exceeding that in girls at any given length. Other studies, on larger numbers of infants over a narrower age range, have reported similar values in boys and girls [23, 28, 31, 55] .
Reference values in children and adolescents
A large number of publications have reported reference values for RV, FRC and TLC in children of school age, the majority of which have employed the helium dilution technique. Details of reference populations and regression equations have been summarized in a recent report [1] , where it can be seen that equations have frequently been derived from relatively small populations (<200 children) over a 6-12 yr age range, when growth and developmental changes are extremely rapid. A survey of predicted values at various standing heights, according to various authors, is given in table 6. Boys tend to have a larger TLC than girls. The influence of ethnic differences has been shown, with lung volumes being larger in Caucasian than black children [70] . This has been largely attributed to differences in trunk:leg ratios [11, 13] , although ethnic differences in chest wall dimensions may also be a contributory factor [12] .
Relatively few of the published studies have taken puberty or age into account, although the significance of these factors has been stressed in more recent publications [16] [17] [18] , as has the need to interpret results with respect to longitudinal rather than cross-sectional data, if the effects of growth and temporal changes are to be properly accounted for [19, 20, [71] [72] [73] [74] . There is no evidence for a cohort effect in ventilatory function in the paediatric age range [75] .
Recent questionnaires [76] [77] [78] have shown that, despite the large number of reference equations available in the literature, surprisingly few are actually used. The majority of centres in North America have been using equations published by POLGAR and PROMADHAT [79] , WENG and LEVISON [61] or COOK and HAMANN [58] . Only 58% of centres were correcting for ethnic differences, and then usually in the form of a fixed proportional reduction in Caucasian based equations rather than by using population specific regression equations, as endorsed by the GAP conference committee [80] . The data of COOK and HAMANN cover the largest age range (5-38 yrs) and are a representative mean of the other predictions; they also appear to agree reasonably well at the transition between [58] are suggested for use in the age range 5-18 yrs for gas dilution methods, and those of ZAPLETAL et al. [68] for plethysmographic data (table 7) , with the following cautionary notes: 1) Single equations spanning this age range are likely to predict volumes which tend to be too low both at the lowest and highest ages, and too high prior to the adolescent growth spurt. Thus, lung volumes in a young child are likely to move gradually to lower percentiles prior to the growth spurt, and again to higher percentiles from adolescence to adulthood [16, 18, 81, 82] ; this should be taken into account when interpreting longitudinal data in an individual. More work is needed [16, 73] to establish appropriate reference values over the whole age range.
2) The predictions were derived from a Caucasian population. Factors to take ethnic group into account are the same as those recommended for adults (see "Reference values in adults").
3) At the start of adulthood, there will be discontinuities when moving to predictions for adults ( fig. 5 ). This can only be remedied by establishing reference values in the future which are continuous from birth to old age. Very few direct comparisons have been made of FRC obtained in children by body plethysmography and gas dilution. COGSWELL et al. [84] compared the two measurements in 225 healthy children between 5-15 yrs and found that FRCpleth exceeded FRCHe by 130-320 ml (mean 206 ml) for every height group (110-180 cm) both in males and females. This is similar to the mean difference noted between techniques when comparing results from separate studies (table 6) . By contrast, KRAEMER et al. [85] found no significant differences between measurements of FRC using plethysmography, nitrogen washout and helium dilution in 54 children, aged 7-17 years.
Despite increasing interest, reliable reference values for lung volumes in infants and children have yet to be established when using radiographic [86] , echoplanar [87] , or other imaging techniques. TLC=7.99H-7.09±0.7
Fig. 5. -Comparability of predicted TLC and confidence limits in boys [58] and in adult males [3] . Note that in children and adolescents, unlike adults, the scatter is proportional to the predicted value. TLC: total lung capacity; H: height.
Reference values in adults
Ideally, reference values should be derived from persons with no known previous or present conditions that adversely affect their ventilatory function. This is an idealistic starting point, because passive smoking, occupational exposure, and childhood respiratory infections may all affect lung volumes, and strict application of exclusion criteria means that only a small proportion of a normal population meets the criteria; in particular, only few elderly subjects can satisfy the requirements. Lung volumes are also considerably influenced by the amount of body fat: gross obesity decreases total and chest wall compliance [88, 89] , and thus diminishes expiratory reserve volume and FRC [90] [91] [92] [93] [94] 
In order to satisfactorily account for the influence of age, stature, body mass and other factors that may determine lung volumes in healthy adults, it is desirable that the reference population is large, ideally more than 100 adults, for men and women, for the various ethnic groups, and with an even distribution with respect to age. No studies are available from the literature which satisfy all of the above requirements [2] . Hence, further studies are required which can provide such reference values. A survey of published studies is given in [2] ; the selection is limited to studies on asymptomatic subjects who have been studied by gas dilution techniques and by body plethysmography. Current smokers and ex-smokers were not, as a rule, excluded; in addition, the studies are confined to Caucasian subjects, leaving other ethnic groups uncovered. Reports of plethysmographic studies frequently do not clarify whether corrections were made if airway occlusions were not performed exactly at FRC, how many measurements were performed, and what quality criteria were applied. Similarly, there is uncertainty in most studies regarding how TLC was obtained, and the quality criteria in gas dilution measurements. Finally, since most of the studies were performed at least two decades ago, they may not meet present day quality criteria. In addition, they may not fit present day populations due to cohort effects [95] [96] [97] [98] [99] .
Thus, published reference values are unsatisfactory by today's standards. Discrepancies between predictions for either men or women for the various indices are very large [2] ; these are likely to reflect differences in the technique applied, in quality control and in selection of subjects [2] . This implies that none of the studies can at present be singled out as superior to the others, or as representative of different populations. A working party of the European Community for Steel and Coal (ECSC) argued that the merit of adopting the same set of reference values in different laboratories was that this allowed comparison of results obtained in various laboratories; they derived summary equations [2] from published reference equations using the technique previously applied by POLGAR and PROMADHAT [79] . This process of arriving at predictions is not ideal, because the procedure is not based on original data (these were no longer available) but on published regression equations, which may not have been the best description of the data. However, the prediction equations for various indices (table 8) , which have been endorsed by the European Respiratory Society [3] , are provisionally adopted here, as they have been shown to apply well to Caucasian populations [9, [100] [101] [102] [103] [104] . Pending more satisfactory data, the summary equations may be used with the following provisos: 1) The data on TLC, RV and FRC derive from populations which include smokers and ex-smokers, so that both the mean predicted value and the scatter around the mean may not be representative of a nonsmoking healthy population. On that account, the value for RV in healthy nonsmokers may be smaller than the predicted one. In healthy adults, plethysmographic and gas dilution methods have been shown to give the same results [105] [106] [107] , so that the reference values for FRCHe and FRCpleth are the same.
2) The equations apply to a height range of 1.55-1.95 m in men, and 1.45-1.80 m in women. They are applicable between ages 18-70 yrs. Between 18-25 yrs an age of 25 yrs should be substituted in the equations, to account for the transitional plateau phase between lung growth and decline with ageing. The size of the lungs varies with ethnic group [14, 15] . This is, in part, explained by differences in trunk length relative to standing height, but also to differences in fat free mass, chest dimensions, and the power of respiratory muscles.
There is a remarkable lack of data on static lung volumes in non-Caucasians. In blacks, in the United States, the subdivisions of lung volume expressed as a proportion of the TLC appear to be the same as in whites (this applies also to FEV 1 %TLC), but RV, VC and TLC are, on average, 12% lower than in whites [108] ; this difference may be smaller in elderly persons than in young adults [109] . However, in one large study of roentgenographically determined total lung capacity, RV%TLC was different between blacks and whites [110] . Based on trends in the FVC, it is likely that lung volumes in Polynesians, Northern Indians and Pakistanis are 10% smaller than in Caucasians [3] . In Southern Indians and those of African descent, lung volumes are about 12-13% smaller than in Caucasians. The lung size of a person of mixed racial origin is intermediate between that of the parents [10] .
Recommendations
Selecting reference values
Reference values for use in any laboratory may be obtained by: 1) selecting an appropriate published set of values; 2) establishing specific reference values for that laboratory; or 3) combining data from several laboratories, in which a standardized approach to techniques, methods of analysis, and characteristics of the reference population has been adopted.
4.1.1
Selection of appropriate published reference data. When selecting a published set of reference data, it is important to check that:
1) The characteristics of the reference population represent a healthy population, and are matched to those of the study group with respect to age and body size, sex, racial and ethnic mix, and, if possible, to nutritional and socioeconomic background and environmental aspects (e.g. pollution, altitude etc.). It is particularly important to avoid any extrapolation of regression equations beyond the size and age range of subjects actually studied.
For practical purposes, the following recommendations, modified from the GAP conference [80] , may be adopted; whereby, a healthy person is defined as one in whom there is: 1) no presence of acute and no past chronic disease of the respiratory system; 2) no major respiratory disease, such as congenital anomalies, destructive type of pneumonia or thoracic surgery in past medical history; 3) no systemic disease which may directly or indirectly influence the respiratory system and general state of health (e.g. cardiovascular, neuromuscular, skeletal or renal disease); 4) no history of upper respiratory tract infection during 3 weeks prior to investigation.
Additional features include: 5) normal body composition (weight within 5 and 95 percentile for height, taking into account ethnic group).
In children: 6) no more than incidental smoking experience.
In infants: 7) gestational age at least 37 weeks, and birthweight at least 2.5 kg; 8) no history of other than transient respiratory problems during the neonatal period (less than 24 h with fractional inspiratory oxygen (FIO 2 ) >0.3).
In adults: 9) lifelong nonsmokers, or no more than incidental smoking experience.
Some authors have suggested more stringent criteria for defining "health" [20] (see "Controversies").
Rationale. There is clear evidence for the influence of sex, ethnic origins and age/developmental stage as determinants of lung volume in school age children and adults [1, 3, 12-16, 20, 54, 70, 111] , which should not be ignored. Whilst the significance of these factors in preschool children and infants has yet to be clarified, appropriate matching with regard to published reference values would be a wise precaution. Potential effects of preterm delivery on subsequent lung growth have not been clearly established, but, since this could be an important determinant of lung function, results from preterm and full-term infants should ideally be analysed separately.
It is important to inspect scattergrams of raw data from published studies to assess the exact range and distribution of measurements with respect to age or size. Many studies have an apparently appropriate age range, but with so few subjects at either extreme that calculation of reliable predictive values and confidence intervals becomes very difficult.
Longitudinal studies analysed by appropriate statistical models are necessary to correctly describe the growth of an individual and the functional changes associated with ageing. Analysis of longitudinal lung function data is complicated by missing data, variable follow-up time, information from co-variates, and the possibility of alinearities during the growth process and during ageing. However, these potential problems can be overcome by appropriate statistical modelling of the growth of lung volumes and height in healthy children and adolescents, as well as age-related decline in adults, thereby allowing more rapid detection of the onset of abnormalities than if analysis is based on cross-sectionally derived percentiles [19, 20, 71, 112, 113] .
2) Similar equipment, techniques, measurement conditions and analytical approaches have been used in the selected reference population as in the current study. Rationale. Whilst the causes of discrepancies are not fully understood, there appear to be significant differences between absolute lung volumes in young children according to technique applied -especially in infants. Differences in sleep state, equipment, technique, methods of analysis (including computer software [114] ), reproducibility and criteria for acceptability may all introduce bias when interpreting results [7, 28, 30, 83] . Although the gas dilution techniques and body plethysmography yield very similar results in adults [105] [106] [107] , reference values derived from the two techniques cannot be used interchangeably in infants, in whom there is clear evidence of discrepancies, with plethysmography derived values being 13% greater than those obtained using nitrogen dilution [48] . Interestingly, discrepancies of a similar magnitude appear to persist throughout childhood (tables 6 and 7).
3) Assumptions underlying the statistical model used for calculating the prediction equation should be valid and biologically meaningful.
Rationale. The majority of prediction equations have been calculated by the traditional linear regression equation method, a model first described by HUTCHINSON [115] in 1846, which remains very popular -primarily on account of its simplicity. In cross-sectional studies of adults, this model (of the form: volume = a + b·H + c·A ± RSD, where H=height, A=age, and RSD=residual standard deviation, i.e. the scatter around the predicted mean which is left after taking into account variability due to stature and age) appears to be valid, except at extreme combinations of age and height [116] . In the paediatric age range, linear regression of untransformed values of lung volume on height is not justified: firstly the relationship is not linear; and, secondly, the scatter is not normally distributed around the predicted, but increases in proportion (heteroscedastic) to the predicted value (figs 1-3 and 5, [1, 117] ). A predictable exception is when studies cover such a small age range that nonlinear relationships easily go unnoticed. Thus, transformations are required which both "stabilize the variance" and linearize the relationship. This is almost invariably achieved by logarithmic transformation of volume, or of volume and height. The relationships are then studied by linear regression on log transformed data [1] , i.e. either ln(volume) = ln(a) + k·ln(height) ± RSD, or ln(volume) = ln a + k·height ± RSD, where ln = natural logarithm. Thus, the predicted lung volume is either a power function of height (volume=a·height k ) or an exponential function of height (volume=a·e k·height ). A model has recently been described which appears to take account of the changing relationship between standing height and lung volume (FVC and FEV 1 ) which occurs during the adolescent growth spurt [118] ; this model (volume =e a+(b+c·A)·H ) merits study of its applicability to static lung volumes.
It is important to realize the difference between the relationships in adults and in infants, children and adolescents. In adults the scatter (RSD) around the predicted lung volume appears to be independent of the volume (homoscedastic), so that adults of different height and age in whom the observed lung volume is, e.g. one RSD higher than predicted, are comparable. However, in infants, children and adolescents, we have to exponentiate to obtain untransformed volume again, so that we have volume=a·height k ·e ±RSD and volume=a·e k·height ·e ±RSD , respectively; this illustrates the proportional nature of the scatter, as the predicted value is now multiplied by a factor, rather than that factor being a constant amount which is added to or subtracted from any predicted value, as is the case in adults (table 8) . It is convenient to take the natural logarithm, since, for small values the RSD can be interpreted in terms of percentages; thus, an RSD of 0.05 comes to about 5% above or below predicted as e 0.05 = 1.05, and e -0.05 = 0.95. Thus, the predicted TLC measured by plethysmography in a boy of 1.50 m (table 7) comes to 9.96·10 -3 ·150 2.5698 = 3.89 l. The log e standard deviation from predicted comes to 0.064 (table 7) ; hence, values one times the RSD removed from the predicted mean come to 3.89·e 0.0688 and 3.89·e -0.0688 or to 4.17 and 3.63 l, respectively. With untransformed data, the range of reference interval given in absolute values may result in calculation of negative lower limits under certain circumstances, whereas this absurdity is impossible both in the proportional model and when predicting FRC and RV as a percentage of TLC.
4) Measurements are performed on a representative sample of healthy individuals over an appropriate age range, and compared with predicted results from the selected reference values.
Rationale. Application of a set of reference values to individuals with respiratory disease, without ensuring that they are appropriate for healthy individuals measured in the same laboratory using identical techniques, may result in severe bias when interpreting results. In adults, measured and predicted values can be compared directly by calculating the residuals (observed -predicted) for each subject. The reference equation producing the sum of residuals closest to zero will probably provide the best fit. In the paediatric age range, where nonlinear equations are used, comparison is slightly more complex, in that residuals are now log(observed) -log(predicted); this is because, in this age range, the scatter is proportional to the mean, and the log transformation removes this proportionality. Predicted values that are consistently inappropriate should lead to re-examination of both test technique and reference equation. This recommendation may be particularly difficult to implement in studies of infants and people of old age, due to the time-consuming nature of each test, and the limited availability of healthy elderly subjects and infants. However, the potential implications of uncritical application of reference values remain as important in any age group.
4.1.2
Establishing specific reference values within a laboratory. Potential problems in selecting appropriate published reference values, including the lack of standardized methodology and equipment, together with less than stringent criteria for defining the reference population, have persuaded several centres to develop specific reference values for use within a particular laboratory. Whilst this may overcome many of the potential errors associated with uncritical application of published reference values, it is a major undertaking, and there is a danger that too few subjects will be studied over an appropriate age range to provide a statistically acceptable sample group. Furthermore, it is difficult to compare results between different laboratories if different reference values are used. If this approach is adopted it is essential that: l) measurements for reference values are performed in the same way as in daily routine, so that sources of variability will be the same; 2) periodic checks are performed to ascertain that quality of measurements remains the same; 3) recommendations with regard to characteristics of the reference population, statistical analysis and expression of results, as outlined above for the application of published reference values, are adhered to.
4.1.3
Combination of data from several laboratories. With the increasing use of standardized techniques and equipment, the best approach to providing improved reference values in the future may be to combine data from several laboratories. For this to be feasible, it is essential that agreement is reached with respect to: 1) characteristics of the reference population; 2) equipment and techniques (including anthropometric measurements); 3) reproducibility and criteria for acceptability; and 4) statistical modelling. Rationale. Whilst summary equations have been produced, which give an overall mean of data from the literature [2, 79, 119] , their use should be temporary, as they are not derived from individual raw data; this makes it difficult to establish the best model and the true variability of reference values for calculation of standardized residuals, percentiles, etc. (see below).
Over the past 10 yrs, attempts have been made to collate individual data on lung volumes in infants, children and adolescents from various published sources, in an effort to produce more reliable prediction equations for this age group. With one exception [118] , this proved to be an unsatisfactory approach, due to marked variability with respect to the characteristics of the reference populations and lack of standardized techniques, equipment and methods of analysis. A recent joint initiative by the European Respiratory Society and American Thoracic Society to standardize infant lung function testing [120] may largely resolve these difficulties and permit collation of prospective data, collected under standard conditions. Such an approach is particularly vital with respect to reference values in infants, where the timeconsuming nature of the tests limits the numbers which can be studied in any one laboratory. With such an approach, it may be possible to clarify the importance of factors, such as sex, race and premature delivery, as determinants of lung volume throughout the first years of life.
The collated data on FRC in infants (see "Reference values in infants"), as well as ongoing work on spirometric data collected in various European countries shows that, given that appropriate selection criteria, techniques and equipment have been used, there is much to be gained from combining, several studies. Therefore, investigators who have collected data according to present day standards are invited to submit their data to the authors to form part of a data bank managed by the European Respiratory Society. This data bank will be available for research purposes; in addition, in some decades from now it will make it possible to establish whether cohort effects affect ventilatory function. (table 8) , transformation to percentage predicted (i.e. 75% in the younger individual compared to 82% in the older) inappropriately suggests that their RVs are not comparable. However, the procedure is valid in children and adolescents [123] , in whom the scatter is proportional to the mean (see above) (table 7) .
Expression of results
1)
Any cut-off point chosen to delineate "normal" from "abnormal" is necessarily arbitrary; usually, it is assumed that the scatter is normally distributed, when a lower 5 and upper 95 percentile (encompassing the 90% confidence interval) are obtained by calculating the predicted mean±1.64·RSD. Similarly, the 95% CI, which delineates the upper 97.5 and lower 2.5 percentiles (table  2) is obtained from the mean±1.96·RSD. The centiles may also be assessed empirically, making allowance for nonnormal distributions with changing standard deviations; this centile approach [124] may permit more appropriate and clinically useful interpretation of lung volume measurements, particularly in rapidly growing children and adolescents. It should be noted, however, that relatively large numbers of subjects are required for accurate calculation of such centiles. A practical disadvantage is that it is difficult to quantify the degree of abnormality and how far removed a result is from the normal population in the presence of severe disease. The recommended solution [3, 125, 126] to this is to take the standardized residual, i.e. [recorded -predicted] divided by the RSD from the regression line; this provides a dimensionless index, indicative of how far the observed value is removed from the predicted, and thus the likelihood that such a value were to be observed in a healthy population. Standardized residuals should be used in evaluating lung function both in adults and children; however, in the latter they should be applied to log transformed data. Here are two examples of the use of the RSDs given in tables 7 and 8. In an adult male of 1.8 m the predicted TLC is 7.29 l, the observed value is 7.99 l; hence, the standardized residual is (7.99 -7.29)/0.70 = 1, that is within the 70% CI and, hence, comfortably within normal limits (table 9) . In a girl of 1.70 m the predicted TLC is 5.23 l, the observed value is 3.4 l; the standardized residual is, therefore, [log e (3.4)-log e (5.23)]/0.157= -2.74. Therefore, her TLC is way below the range encountered in healthy girls of the same stature (table 9) and comes to 100·e -2.74·0.157 =65% predicted. In a recent longitudinal study of healthy children and adolescents [19] , the 95% confidence intervals for girls were 83-121% for TLC and 63-159% for RV, with similar intervals for boys. This approach has also been implemented in infants [127] .
Measuring ancillary variables
Age may be a useful predictor of lung function in addition to stature or body length. Whilst in adults it is acceptable to express age to the nearest full year, in infants and children, age should be accurate to two and one decimals, respectively, lest relative errors grow too large.
Standardized methods of measuring stature must be employed. In infants, this requires the use of a calibrated stadiometer and two trained adults. Repeat measurements should be within 0.5 cm of each other [128] .
Measurements in infants and toddlers should be made on the day of lung function assessment, as their length may increase overnight by more than one cm [129, 130] due to saltatorial growth. Measurements of length should be made to the nearest millimetre or one half of a centimetre, since, particularly in infants, rounding to the nearest full centimetre introduces too large an error. Measurements of standing height should be made on the day of testing, with the subject on bare feet, standing up straight, so that heels, buttocks and shoulders are in contact with the vertical board of the stadiometer and the head aligned, such that the Frankfort plane is parallel to the floor; gentle pressure beneath the mastoid process should be applied to straighten the spine. The accuracy of stadiometers should be checked weekly [131] .
Future studies
There is an urgent need to standardize techniques, equipment and methods of analysis, so that individual data from different laboratories can be collated in the future (see also [1] ).
There is a need for further well designed longitudinal studies on infants and children, with special emphasis on the transition from infancy into childhood, during puberty and from adolescence into adulthood (18-25 yrs) . Similarly, with the ever increasing proportion of elderly subjects in most societies, there is urgent need to establish reference values for elderly and aged persons. Statistical techniques should be applied which link data from different age groups smoothly.
Further studies are required which take the influence of sexual maturity on lung function into account. Before accurate prediction equations for non-Caucasians can be developed, it will also be necessary to establish when various ethnic groups mature.
Repeat studies of lung volumes are necessary, in view of the changing methodology; in addition, the secular trend for successive cohorts to grow taller appears to be associated with a changing ratio of leg to trunk length (established in Japan and Norway as cited in [132] ), so that the relationship between stature and lung volumes is likely to be changing [110, 133] .
Controversies
Areas of controversy, which need to be resolved before a standardized approach to the use of reference values and interpretation of lung volume data can be adopted, include:
Definition of health characteristics of reference population. The present recommendations, specified by a GAP committee [80] and adapted for infants and adults as necessary, are more or less in line with some previous recommendations [1, 7, 8, 134] . They do no not take into account the potential influence on the lung of smoking during pregnancy, involuntary exposure to tobacco smoke in infants, toddlers and children, and of mild lower respiratory infections in infancy and childhood [135] , or other more stringent criteria that would lead to defining "super health" [19] . For research, more stringent criteria for defining health than those adopted here seem warranted; for daily clinical practice, the present recommendations seem to be feasible and practicable.
Appropriate use of reference values in presence of skeletal abnormalities or severe growth retardation. In the case of spinal abnormalities, arm span may be used instead of standing height [66, 133, 136, 137] . The arms should be stretched horizontally against the ruler, when arm span is measured as the distance between the tips of the middle fingers and read to the nearest millimetre; the error in measurements is 0.5 cm, comparable to that of stature [138] .
Expression of results.
There are as yet no validated prediction equations which span the whole age range from childhood to old age [7, 76-78, 123, 124, 126, 139, 140] . This often leads to large discontinuities in predicted ventilatory function, as subjects move from one age group to the next. With the advent of modern statistical tools, such as splines, this deficiency might be remedied.
Cross-sectional versus longitudinal data. Change in ventilatory function within an individual in time are often related to coefficients in regression equations. The latter are almost invariably obtained in cross-sectional studies; there, the results may be biased by selection effects (persons with the greatest decline in ventilatory function being least likely to survive to old age), and by cohort effects, so that the age or height coefficients are not representative of age-related changes within an individual. Thus, more research is needed to provide the tools with which to establish whether, in a growing or ageing individual, lung function develops normally. There is similarly a need to establish how to express changes in FRC and RV due to clinical interventions.
Consistency of reference values.
In any data set predicting, e.g. FRC, from a straightforward regression equation, or from predicted FRC%TLC multiplied by predicted TLC, leads to inconsistent results. These inconsistencies can only be avoided by predicting TLC, RV and FRC, and then deriving RV%TLC and FRC%TLC from these.
